The aim was to investigate the ability of a battery of pain models to detect analgesic properties of commonly used analgesics in healthy subjects.
Introduction
Pharmaceutical science continues to search for suitable biomarkers that can assist in predicting the therapeutic potential of analgesic medication and, therefore, its efficacy in the target population. Data intensive, early-phase studies provide a valuable opportunity that can offer this translational information [6] . A series of nociceptive pain tests used early in drug development could bridge preclinical findings and those in the clinic to provide valuable information about the mechanism of action of a new drug and to benchmark new drugs to existing analgesics. The need to use a comprehensive battery of pain models is highlighted by studies in which only a single pain model, thought to relate to the clinical situation, demonstrates lack of efficacy [7, 8] . A single evoked model cannot replicate the complex nature of clinical pain. Therefore, one evoked pain model cannot be used exclusively to screen the pharmacological mechanism of action of a new compound, for which this mechanism has not been demonstrated earlier. The aim of this study was to pharmacologically validate an integrated range of human pain models that can be used as a combined screening tool for early stage clinical drug development.
Each pain model in this battery has been used before [9] [10] [11] [12] . However, the integrated execution of these tests has not yet been investigated, and it is mostly unclear how well-known and frequently used analgesic compounds influence the pain tests when used in this integrated manner. Data obtained from early phase clinical studies may be used for the determination or confirmation of a drug's mechanism of action. Furthermore, results obtained from pain models could be useful for the prediction of the efficacy of the drug in future clinical populations or potential disease states [13] . This battery of tests should be able to help establish whether a drug is acting centrally or peripherally, whether it is more suitable for a particular modality of pain (nociceptive, neuropathic or inflammatory), and which other effects contribute to its mode of action (sedation, tolerance etc.). Nociceptive tests, when used in combination with pharmacokinetic (PK) parameters, can be used to provide information regarding future dose selection of new drugs. Particularly if used in combination with pharmacokinetic-pharmacodynamic (PK/PD) modelling and simulation techniques, the establishment of a threshold of pharmacological activity may be determined and used for dose prediction [14] .
The models in this study were chosen to represent a broad range of pain modalities and nociceptor function, combined with the possibility to perform these pain tests in a standardised setting in clinical studies. Regarding the choice of compounds, a selection was made of distinctly different, relevant, targets of analgesia. The analgesic mechanism of action of these compounds was compared using the existing literature [9] [10] [11] [15] [16] [17] [18] . Specific compounds, representative of a range of mechanistic classes, were chosen if they showed analgesic efficacy in previous pain models in humans or if their efficacy in pain models was expected but yet unknown. It was hypothesised that the battery of pain models would show distinct response patterns for the different analgesic classes.
Methods

Subject and study design
The study was approved by the Medical Ethics Committee of the Leiden University Medical Center (Leiden, The Netherlands). The study was conducted according to the Dutch Act on Medical Research Involving Human Subjects (WMO) and in compliance with Good Clinical Practice (ICH-GCP) and the Declaration of Helsinki.
Healthy male and female subjects between 18 and 45 years with a body mass index of 18-30 kg m -2 were enrolled.
All subjects gave written informed consent. The subjects underwent a full medical screening, including taking medical history, a physical examination, blood chemistry and haematology, urinalysis, electrocardiogram, and assessment of the minimal erythema dose (MED) for UVB light to assess eligibility. Subjects with a clinically significant known medical condition, in particular any existing condition that would affect sensitivity to cold or pain were excluded. Subjects with Fitzpatrick skin type V or VI, wide-spread acne, tattoos or scarring on the back were excluded due to the inability to assess MED accurately. Also, subjects who were regular users of any illicit drugs, had a history of drug abuse or a positive drug screen at screening were excluded. Smoking and the use of xanthine-containing products was not allowed during dosing days. Alcohol was not allowed at least 24 h before each scheduled visit or during the stay in the research unit. Except for contraception, subjects were not allowed to use prescription medications within 7 days and over-the-counter analgesics within 3 days of nociceptive assessments. Female subjects were required to have an intrauterine device, a contraceptive implant or were willing to continuously use oral contraceptives (i.e. skip their menstruation) during the study period, to prevent influences of menstrual phase [19] . This was a two-part, randomised, double-blind, placebocontrolled, four-way crossover, single-dose study. The total number of planned subjects was 16 in each part. In part I, subjects received the study drug or placebo intravenously over a 30-min time period in the antecubital vein. Treatment consisted of fentanyl 3 μg kg -1 (Hameln Pharmaceuticals GmbH, Hameln, Germany), phenytoin 300 mg (Diphantoïne; Apotex Europe Ltd, Leiden, The Netherlands), (S)-ketamine 10 mg (Ketanest-S 5; Eurocept BV, Ankeveen, The Netherlands) and sodium chloride 0.9% (placebo). In part II, subjects received the over encapsulated study drug or placebo orally with 150 ml of still water. Treatment consisted of imipramine hydrochloride 100 mg (Centrafarm B.V.; Etten-Leur, The Netherlands), pregabalin 300 mg (Lyrica, Pfizer Limited, Kent, UK), ibuprofen 600 mg (Nurofen oval tablet, Reckitt Benckiser Healthcare B.V., Hoofddorp, The Netherlands) and placebo tablets (lactose monohydrate with 1% magnesium stearate). Subjects participated in either part I or part II in which they received all four treatments. The study treatments were randomly allocated based on a 4 × 4 William's square. The randomisation code was generated by a study-independent statistician using SAS version 9.1.3 (SAS Institute Inc., Cary, NC, USA).
Each treatment period consisted of two study visits to the clinical research unit. During the first visit, UVB erythema was induced. On the morning of the next day, subjects received the study treatment after which the PD and PK assessments were performed ( Figure 1 ). Subjects were discharged at the end of the study day. There was a 1-week washout period between treatment periods.
PD assessments
Nociceptive (pain) detection and tolerance thresholds were measured using a battery of human pain models. The battery is an integrated range of tests for measuring different modalities of nociception and takes approximately 30 min to complete ( Figure 1 ) [20] . It aims to assess as objectively as possible the levels of pain induced by several noxious Figure 1 Overview of study design mechanisms in human subjects. A training session was included as part of the screening examination to reduce learning effects during the study. All tests have previously been shown to be sensitive to the effects of analgesics in healthy adults. All measurements were performed in a quiet room with ambient illumination. Per session, there was only one subject in the same room.
For the electrical stimulation tests, the pressure stimulation test and the cold pressor test, pain intensity was measured continuously (beginning from when the first stimulus was applied until the predetermined end of the test) using an electronic visual analogue scale (eVAS) scale ranging from 0 (no pain) to 100 (most intense pain tolerable). Equipment was programmed to cease giving stimuli if pain intensity reaches the maximum possible score. For each test the pain detection threshold (PDT), pain tolerance threshold (PTT) and area under the curve (AUC) were determined. The AUC was calculated as the surface under the pain intensitystimulation (-time for cold pressor) curve.
Thermal grill. The thermal grill consisted of a set of eight juxtaposed bars of cold and warm innocuous temperatures (18°C and 42°C) on which the subject placed their dominant hand for 20 s. During this time, the subject rated unpleasantness, pain sensation and thermal sensation using the eVAS-slider.
Thermode testing and UVB model. The method of UVB irradiation was based on methods previously described [21] . UVB irradiation (TL01 [narrow-band], Phillips, Amsterdam, The Netherlands) was applied at the screening visit in ascending doses to determine the individual UVB dose that produced the first clearly discernible erythema. The threefold individual MED of UVB was applied 24 h prior to dosing to the subject's back to produce local cutaneous inflammation, thereby inducing a homogeneous area of skin erythema and hyperalgesia. The area of skin irradiated was 3 x 3 cm. Subsequently, a 3 × 3 cm thermode (TSA-II; Medoc Ltd., St Ramat Yishai, Israel) was used to measure pain detection thresholds (initially 34°C, ramp 0.5°C/s, average of three stimuli) on the normal skin contralateral to the site of UVB irradiation and on the UVB irradiated skin (cut-off 50°C).
Electrical stimulation test. For cutaneous electrical pain, AgAgCl electrodes (3M Red-Dot) were placed on cleaned, scrubbed, and if required, shaved skin, 10 cm distal from the patella overlying the tibia. Electrical resistance between electrodes was to be <2 kΩ. The electrical stimulus was delivered as two different paradigms by a computercontrolled constant current stimulator (DS5; Digitimer, Cambridge, UK).
For the single stimulus, adapted from methods previously described [22, 23] (10 Hz tetanic pulse with a duration of 0.2 ms), current intensity increased from 0 mA in steps of 0.5 mA s -1 (cut-off 50 mA).
For the repeated stimulus, adapted from methods previously described [24] , each single stimulus (train of five 1-ms square wave pulses repeated at 200 Hz) was repeated five times with a frequency of 2 Hz at the same current intensity with a random interval of 3-8 s between the repetitions. Current intensity increased from 0 mA in steps of 0.5 mA s -1 (cut-off 50 mA). Pain detection threshold was taken as the value (mA) whereby a subject indicated either: all five stimuli were painful, or the train of five stimuli started feeling nonpainful but ended feeling painful (VAS > 0). The pain intensity for each stimulation was measured using the eVAS slider, until pain tolerance threshold or a maximum of 50 mA was reached.
Pressure stimulation test. The method of mechanical pressure pain induction was based on methods previously described, and was shown to primarily assess nociception generated from the muscle with minimal contribution by cutaneous nociceptors [25, 26] . Briefly, an 11-cm wide tourniquet cuff (VBM Medizintechnik GmbH, Sulz, Germany) was placed over the gastrocnemius muscle with a constant pressure rate increase of 0.5 kPa s -1 . The pneumatic pressure was increased until the subject indicated maximum pain tolerance using the eVAS slider, or a maximum pressure of 100 kPa was achieved, at which point the device released pressure to the cuff.
Cold pressor test. The method of cold pressor pain was based on the methods previously described [27, 28] and is the most commonly used test to induce conditioned pain modulation (CPM, previously known as 'diffuse noxious inhibitory control') [29] . Subjects placed their nondominant hand into a water bath at 35 AE 0.5°C for 2 min. At 1 min 45 s, a blood pressure cuff on the upper-arm was inflated to 20 mmHg below resting diastolic pressure. At 2 min the subject then moved that hand from the warm water bath, directly into a similar sized water bath at 1.0 AE 0.5°C. The subjects were instructed to indicate when pain detection threshold was reached (first change in sensation from cold nonpainful to painful) as well as the pain intensity, by moving the eVAS slider. When pain tolerance or a time limit (120 s) was reached, subjects were instructed to remove their hand from the water, at which point the blood pressure cuff was deflated.
CPM. CPM is the activation of the pain-modulatory mechanism, as part of the descending endogenous analgesia system [29] . The degree of CPM was assessed by comparing the electrical pain thresholds for the single stimulus paradigm before and within 5 min after the cold pressor test.
Measurements of drug concentrations in plasma. Samples for determination of compounds in plasma were obtained at baseline, 0.5, 1, 2, 3, 4, 6, 8 and 10 h after the start of administration. Samples were collected in 6 ml K 2 EDTA tubes. Plasma was separated within 30 min of blood collection by centrifugation at 2000 g for 10 min. All samples were stored in an upright position at -40°C. Drug concentrations in plasma were determined using Liquid Chromatography-Mass Spectrometry (LC-MS/MS). The analytical range was 0.200-50.0 ng ml -1 for fentanyl, 1.00-200 ng ml -1 for (S)-ketamine, 0.500-100 ng ml -1 for norketamine, 20.0-10 000 ng ml -1 for phenytoin, 0.5-100 ng ml -1 for imipramine and desipramine, 20.0-20 000 ng ml -1 for pregabalin and 100-100 000 ng ml -1 for ibuprofen. Quality control for the analytical performance of the assays for all compounds showed acceptable performance (Table S3 ). Standard curves were linear for the ranges tested (r > 0.99 for all compounds). Control runs were performed in low, medium and high concentrations of each compound. Coefficients of variation varied from 1.5% to 7.9%.
Statistical analysis
The sample size calculation was based on previous studies performed in our centre. The detectable effect sizes using a paired t-test with a 0.050 two-sided significance level and 16 subjects were as follows (standard deviations [SDs] are rounded): electrical stimulation repeated stimulus AUC 225 (6%; assuming an SD of 300), electrical stimulation single stimulus AUC 450 (16%; assuming an SD of 600), pressure stimulation AUC 525 (9%; assuming an SD of 700), cold pressor area above the curve 337 (17%; assuming an SD of 450). PK analysis was performed using noncompartmental analysis. The peak concentration and the time to the peak concentration were recorded as observed. In addition, the terminal half-life, the area under the plasma concentration-time curve (AUC) from time zero to the time of the last sample (AUC 0-last ) and from time zero to infinity (AUC 0-inf ), the volume of distribution (V d ), and the clearance were determined for all compounds. AUC's were calculated using the linear trapezoidal method. Calculations were performed using R v2.12.0 (R Foundation for Statistical Computing, Vienna, Austria).
PDT and PTT variables follow a log-normal distribution and were therefore log-transformed before analysis. Transformed parameters were back-transformed after analysis.
To establish whether significant treatment effects could be detected on the PD outcome variables, variables were analysed with a mixed model analysis of variance with treatment, time, sex, treatment by time and treatment by sex as fixed factors and subject, subject by treatment and subject by time as random factors and the average baseline measurement as covariate. The Kenward-Roger approximation was used to estimate denominator degrees of freedom and model parameters were estimated using the restricted maximum likelihood method. The general treatment effect and specific contrasts were reported with the estimated difference and the 95% confidence interval, the least squares mean estimates and the P-value. Graphs of the least squares means estimates over time by treatment were presented with 95% confidence intervals as error bars. The contrasts for the relevant time periods based on the PK profiles of the compounds (0-1 h for (S)-ketamine, 0-5 h for fentanyl ibuprofen and pregabalin, 0-10 h for phenytoin and imipramine) are presented. All calculations of the pharmacodynamic parameters were performed using SAS for Windows version 9.1.3 (SAS Institute Inc., Cary, NC, USA). The main SAS procedure that was used in the analysis was PROC MIXED. No adjustments for multiple comparisons were employed.
Results
A total of 39 subjects, of whom 18 were female, were randomised by treatment ( Figure 2 ); subjects had a mean age of 22.5 AE 2.8 years and had a mean body mass index of 21.8 AE 1.7 kg m -2 . In part I, where we studied the effects of intravenous analgesics, 18 subjects received placebo treatment, 17 fentanyl, 17 (S)-ketamine and 20 phenytoin. In one subject the dose administration was prematurely stopped due to an adverse event (syncope) during phenytoin administration. In the oral part II, 16 subjects received placebo, 17 ibuprofen, 17 imipramine and 16 pregabalin. In both parts, 16 subjects completed all four study periods. An overview of the pharmacodynamic output variables is provided in Table 1 (part I), Table 2 (part II), Table S1, Table  S2 , Figure 3 and Figure 4 . Differences compared to placebo for the cold pressor test were observed after administration of fentanyl ( Figure 5 .
The observed PK parameters for the compounds and their active metabolites are listed in Table 3 .
All subjects experienced at least one adverse event (AE) during their participation. In part I, the incidence of AEs was 100% in the active treatment groups (fentanyl, (S)-ketamine and phenytoin) compared to 33% in the placebo group. In part II, 100% of the subjects receiving imipramine, 87.5% of the subject receiving pregabalin, 41.2% of the subjects receiving ibuprofen and 50% of the subjects receiving placebo tablets reported AEs. In part I, the most reported AEs were: dizziness (82%), nausea (65%) and feeling hot (53%) for fentanyl; dizziness (82%), nausea (35%) and feeling abnormal (29%) for (S)-ketamine; and pain in extremity at administration site (60%), dizziness (55%) and nausea (30%) for phenytoin. In part II, the most reported AEs were: nausea (12%), fatigue (12%) and dizziness (12%) for ibuprofen; somnolence (65%), nausea (59%) and dizziness (29%) for imipramine; and dizziness (56%), somnolence (31%) and nausea (31%) for pregabalin. All AEs were mild or moderate in severity.
Discussion
The main objective of this study was to investigate the ability of a battery of pain models to detect analgesic properties of commonly used analgesics in healthy subjects. A biomarker can be defined as "A characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention." [30] . This battery of different pain models was able to detect differences in pharmacological and analgesic properties, consistent with the PK properties of each individual compound. Each compound tested in this study demonstrated its own profile of effects on evoked pain in the different models included in the pain test battery. Most of these effects were in line with earlier described literature and with the expected PD and PK profile of the drugs. The drugs and doses used had already proven to be efficacious analgesics in clinical practice in either acute pain or in neuropathic pain. This battery of pain models can be used as a biomarker to assess the PD responses of analgesic drugs.
Strong opioids previously showed effects on electrical pain, cold pressor, thermal pain and the thermal grill [9, 16] . In this study fentanyl affected pain thresholds in the cold pressor test and thermal testing. No effects were observed on the electrical pain tests, or the pressure pain paradigm. The effect of fentanyl on a broad range of pain tests corresponds with the many types of clinical pain that respond to strong opioids. Previous reports have shown decreases in pain intensity and unpleasantness after morphine administration on the thermal grill [16] . Here, maximum unpleasantness and pain intensity did not change after fentanyl administration.
(S)-ketamine, an N-methyl-D-aspartate (NMDA) receptor antagonist, showed effects on the cold pressor test, electrical stimulation (both single and repeated stimulus) and thermal heat pain. The effects of (S)-ketamine on the cold pressor test have not been reported before. In a study previously performed [21] , the cold pressor test was used in combination with (S)-ketamine, but only in order to induce a conditioned pain modulation (CPM) response. In a previous review [10] , no differences were observed in PDT during heat skin stimulation. In the current study, we found an increase in heat PDT on the normal skin in the 1 st h after dosing. Heat PDT in the UVB-treated skin did not differ compared to placebo. An effect of (S)-ketamine on the thermal grill pain and unpleasantness was expected, as these effects were shown previously [15] . Here, however, (S)-ketamine did not result in a decrease in unpleasantness or pain sensation in the thermal grill paradigm. An explanation for these differences could be
Figure 2
Disposition of subjects Table 1 Least squares means for pharmacodynamic outcome measures and estimates of difference, 95% confidence intervals and P-values for main contrasts for part I Table 2 Least squares means for pharmacodynamic outcome measures and estimates of difference, 95% confidence intervals and P-values for main contrasts for part II Time course of the mean change from baseline profile in least squares means for the pain tolerance threshold for (A,B) pressure stimulation, (C,D) the heat pain detection threshold for thermal testing on normal skin, and (E,F) UVB-irradiated skin and (G,H) the thermal grill maximum unpleasantness VAS after administration of the different compounds in (A,C,E,G) part I and (B,D,F,H) part II our method of dosing, where the bolus administration of (S)-ketamine was not followed by a continuous infusion as described in other studies [15] . There is limited literature available about the effect of sodium channel blockers on human pain models. One study has been published in which the effects of phenytoin and lamotrigine on cold pressor pain were investigated [17] ; both phenytoin and lamotrigine reduced pain scores in healthy subjects. In the current study, we only observed an increase in PDT and PTT in the electrical stimulation single stimulus paradigm. The therapeutic range for phenytoin in epilepsy is between 8 and 25 μg ml -1 in plasma [32] . The observed C max in the study was 8.3 μg ml -1 , which is at the lower end of the therapeutic range. Higher doses or repeated dosing may lead to a more pronounced effect on the pain models. In part II, pregabalin showed positive effects on cold pressor (PDT and PTT), electrical single stimulus (PTT), CPM (PDT) and thermal heat pain in normal skin. Alpha-2δ ligands have previously been shown to affect pain in human pain models; gabapentin showed positive effects on pain in an electrical hyperalgesia model in healthy subjects [33] . Conversely, gabapentin failed to show effects on heat PDT in healthy subjects [34] . Pregabalin has not been investigated in pain models in healthy subjects but in in patients with painful chronic pancreatitis, pregabalin attenuated visceral pain [35] . Of all compounds administered, pregabalin showed the largest effect on most of the pain paradigms (heat, cold, pressure and electrical pain). This might be due to the relatively large dose of pregabalin that was used. However, the same single dose of 300 mg was also used in other studies in which dosages of pregabalin of ≥300 mg showed a significant opioid sparing effect [36] . Further studies are needed to show if these large effects can be replicated. Currently, pregabalin is mainly used in the treatment of neuropathic pain [37] and its use in acute postoperative pain is under investigation [36] . The positive effects of pregabalin on several (acute) nociceptive pain models in this study may be an argument for its potential use also in the treatment of acute nociceptive pain.
Ibuprofen increased the heat PDT in UVB-treated skin. These effects were also previously shown by others [9] . Ibuprofen was the only compound administered that only increased heat PDT in UVB-treated skin but not in normal skin. This in contrast with (S)-ketamine and pregabalin (increased heat PDT in normal skin, but not in UVB treated skin) and fentanyl (increased heat PDT in normal and UVB-treated skin). These effects of ibuprofen were expected and reflect its inhibition of cyclooxygenase by this nonsteroidal antiinflammatory drug, given the inflammatory type of pain that is caused in the UVB hyperalgesia model.
Imipramine only increased CPM, but did not affect other outcome measures. In previous research, imipramine increased acute pain tolerance after electrical stimulation, pressure pain and visceral pain [10, 18] . Compared to the other compounds in this study, imipramine and its active metabolite desipramine have a relatively long half-life of 6.54 h and 56.2 h, respectively. We only performed measurements up to 10 h after dose administration, which may partially explain the negative findings in this study. In favour of this argument is that an increasing trend could still be observed at the last measurements in the electrical repeat stimulation paradigm PTT. Furthermore, in the clinical setting a titration period of several weeks is needed for imipramine before its efficacy can be assessed [37] . Here, we only administered a single dose. Imipramine was used as the tricyclic antidepressant of choice in this study because of previous positive results in human pain models. However, a recent meta-analysis showed that there is only limited evidence for the use of imipramine in neuropathic pain [38] .
In part I of the study, no effect was observed on CPM by either (S)-ketamine, fentanyl or phenytoin. High variability in CPM measurements was observed throughout the study, for all delta electrical stimulation parameters (PDT, PTT and AUC). Previous research conducted has shown a potentiation of CPM after administration of strong opioids [39] . Others Figure 5 Radar chart of effect sizes of the compounds used. Effect sizes are given as the contrast between the different compounds and placebo observed no CPM response after ketamine treatment in healthy volunteers [31] .
In part II of the study, both imipramine and pregabalin increased the difference in pain detection threshold after vs. before the cold pressor (delta PDT), which may be indicative for an increase in CPM. A study performed in patients with pancreatitis did not show changes in CPM responses after administration of pregabalin. To our knowledge no studies are published in which the CPM responses in healthy subjects after administration of α2δ ligands or tricyclic antidepressants were measured. The noradrenergic system plays an important role in central pain modulation [40] ; so the increase in delta PDT observed after administration of imipramine is likely to be explained by the enhancement of the inhibitory effect on noradrenaline reuptake.
No decrease on thermal grill maximum unpleasantness or maximum pain ratings could be observed in this study. However, overall, most subjects did not experience the thermal grill as unpleasant or painful, as reflected by the low scores on the eVAS for pain and unpleasantness, which resulted in a non-normal distribution of the data, making them difficult to analyse.
Previous studies in which the thermal grill was used applied a range of combinations of warm and cold stimuli to assess relationships between painful and nonpainful sensations [16, 41] . In the current study, a fixed temperature of the warm and cold bars was used. Furthermore, the occurrence of paradoxical pain elicited by the thermal grill illusion can be variable. A study by Bouhassiara and colleagues [42] reported a large subpopulation of subjects who only reported paradoxical pain when large cold-warm differentials were applied. Due to the apparent necessity to tailor this method to each individual subject, it is difficult to standardize this method and incorporate it in a battery of pain models.
Multimodal testing with different pain models has been performed previously; with and without the administration of analgesic compounds [8, 18, 43] . Here we combined both the execution of a broad range of human pain models and the administration of analgesic compounds with different mechanisms of action. An advantage of the battery of pain models was that the tests could be executed repeatedly in a relatively short time (~30 min) in a standardized fashion.
By repeatedly administering these pain tests in 1 day, this battery was able to determine time-effect profiles of the drugs. Small individual differences between different compounds could be assessed. Although PK/PD modelling was not performed in this study, study designs using repeated application of this battery of pain models can be used to assess PK/PD relationships.
Overall, PK parameters measured in this study were reasonably consistent with the known PK data for these analgesics. Fentanyl's terminal half-life and volume of distribution were somewhat lower compared to values reported in literature [44] . Phenytoin, (S)-ketamine and its active metabolite norketamine showed kinetics that were consistent with the literature [32, 45] . The t max of imipramine was as expected. The terminal half-life was shorter, but this could have been related to the relatively short sampling period; the half-life of its active metabolite desipramine was longer than expected Table 3 Pharmacokinetic parameters for administered compounds [46]. Ibuprofen and pregabalin showed PK that were consistent with the literature [47, 48] . A large number of pain models were used in this study. This yielded an even greater number of outcome variables. No correction for multiple testing was applied. Therefore, this multimodal test battery should be considered as a screening tool for analgesic properties of compounds in development for the treatment of pain, and not as a way to definitively prove effects on a specific evoked pain model with statistical significance. When the analgesic effect of a new drug on a certain pain mechanism has already been established, predefining a primary outcome measure would prevent the need to correct for multiple testing. Maximum effect sizes differed for the pain models used. For instance, after pregabalin administration the contrast compared to placebo for heat PDT was 4.1%, while the contrast for cold PTT was 46.4%. Variability for these tests was also markedly different, with the coefficient of variation for the heat PTT being much lower than for the cold PTT (Table S2 ). To account for this variation, studies using this battery of pain models need to be adequately powered. Only one (expected analgesic) dose of each compound was used in our study. Therefore, one-to-one comparisons between different compounds cannot be made on individual pain models. However, the pharmacodynamic profiles of these single doses matched the plasma profile of the compounds used. Reproducibility of the pharmacological effects of the compounds on the pain models was not directly assessed in this study. We were able to replicate effects of different analgesics on individual pain tests as described before [9] [10] [11] ; however, future studies are needed to investigate the reproducibility of the effect profiles that we observed. One session of the battery of pain models lasted approximately 30 min. During one study period, 10 sessions were performed. This might have led to fatigue and diminishing concentration during the tests. This is also shown in Figures 3 and 4 , where variation in the placebo group is observed between measurements during the day. In order to correct for these unavoidable effects, a crossover design with a placebo arm included was used. Somnolence was observed by 31% and dizziness by 56% of the subjects receiving pregabalin. Oral doses of imipramine also caused similar AEs, however imipramine did not show effects on the pain tasks administered. Other substances that are known to have strong sedating effects on the central nervous system also do not influence evoked pain tests. For instance, cannabinoids and benzodiazepines have limited effects on pain thresholds [10, 49] . Therefore, we believe that the somnolence and the dizziness caused by the pregabalin is not responsible for the effects on the pain tasks administered.
Several drugs acting at different targets are currently under clinical development for the treatment of acute and neuropathic pain. These drugs are in different stages of the clinical development. Examples are selective sodium channel blockers, nerve growth factor antagonists and fatty acid amide hydrolase inhibitors [50] [51] [52] . A recent review suggested that a limited set of human pain models could be sufficient to predict analgesic efficacy [7] . With our integrated battery of pain models, it is possible to profile new compounds against currently existing analgesic compounds to predict their potential clinical use.
In conclusion, it was shown that this battery of pain models is able to detect changes in pain detection and pain tolerance thresholds after administration of different classes of analgesic compounds in healthy male and female subjects. The analgesic compounds all showed a unique profile in their effects on the pain tests administered. These profiles were in most cases compatible with the expected pharmacology. The knowledge of these profiles can be used to benchmark analgesic properties of these new drugs against established analgesics in early phase clinical studies in healthy subjects.
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